Abstract
Introduction 1 2
The boundary layer, the lowest portion of the atmosphere, is largely affected by the Earth's 3 surface forcing. This layer is usually separated from the free troposphere (where the surface 4 effects are weak) by a thin and strong stable layer (capping inversion) that traps turbulence, 5 moisture, and trace gases in the boundary layer. The thickness of the boundary layer is variable 6 in space and time and can range from tens of meters to 4 km, depending on both the synoptic and 7 local meteorological conditions (Stull, 1988) . The height of the boundary layer is an essential 8 parameter in atmospheric transport models, since it controls the extent of the vertical mixing of 9 trace gases emitted near the surface. The ability of global transport models to reproduce the 10 boundary layer dynamics has been investigated earlier (e.g., Denning et al., 1999; Dentener et 11 al., 1999) . The authors have recommended the use of both high temporal resolution of 12 meteorological data within the lower levels (Dentener et al., 1999) and fine horizontal and concentrations. This is the case in particular for regional flux inversions which make use of 17 regional concentration measurements that capture the signal from regional sources (and sinks).
18
Regional inversions of greenhouse gases (GHG) (CO 2 , CH 4 , N 2 O, halocarbons) were reported 19 especially for Europe and North America, making use of the increasing number of regional 20 monitoring stations in these areas (e.g., Gerbig et al., 2003; Carouge et al., 2008; Kort et al., 21 2008; Bergamaschi et al., 2010; Corazza et al., 2011; Manning et al., 2011; Broquet et al., 2013; 22 Bergamaschi et al., 2015; Ganesan et al., 2015) .
24
In order to evaluate the quality of such flux inversions, a thorough validation of the applied 25 atmospheric transport models is essential. In this study we present a detailed evaluation of the 26 boundary layer dynamics of the TM5 model (Krol et al., 2005) , which is the global transport 27 model used in the TM5-4DVAR inverse modelling framework (Meirink et al., 2008) , applied in 28 several of the European inversions mentioned above (Corazza et al., 2011; Bergamaschi et al., 29 2010; 2015) . In a first step, we compare the model BLH with the sounding-derived BLH of the 30 NOAA Integrated Global Radiosonde Archive (IGRA) (Seidel et al., 2012) at European scale. 222 Rn is an excellent tracer for boundary layer mixing due to its short lifetime (half-life) of 3.82 36 days and has been widely used for model validation (e.g., Jacob and Prather, 1990; Jacob et al., 37 1997; Dentener et al., 1999; Chevillard et al., 2002; Taguchi et al., 2011) . However, the use of Rn activity concentrations from different stations were not harmonized.
41
Here, we make use of a novel detailed 222 Rn flux map over Europe (Karstens et al., 2015) based 42 on a parameterization of 222 Rn production and transport in the soil as well as improved observed InGOS ('Integrated non-CO 2 Greenhouse gas Observing System'), including also a comparison
46
Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016 Discuss., doi:10.5194/gmd- -48, 2016 Manuscript under review for journal Geosci. Model Dev. used so far, based on the parameterization of Tiedtke (1989) . We use BLHs of the NOAA IGRA database, which covers the 1990-2010 period (Seidel et al., 15 2012). The IGRA data is based on radiosonde measurements that are usually released at 00 and is set to 0.25 (instead of 0.3 as used in TM5; see Section 3.2). These settings for the IGRA 22 database were also adopted in the InGOS protocol for the evaluation of the transport models 23 involved in InGOS inverse modelling analyses (Karstens et al., 2016, manuscript in preparation) .
24
The methodological uncertainties in the IGRA BLH data were evaluated based on paired 25 soundings released at the same site (Seidel et al., 2012 The principle of LIDAR (LIght Detection And Ranging; hereafter lidar) is based on a pulsed 36 laser light emitted into the atmosphere which is back-scattered by aerosol particles and 37 molecules. The lidar algorithms derive the BLHs by searching the location of the strongest 38 aerosol gradient in the vertical dimension (e.g., Haeffelin et al., 2011; Pal et al., 2012; Griffiths et 39 al., 2013; Pal et al., 2015) . A ceilometer is a 'low-cost lidar' which was initially used for the 40 detection of cloud base heights. However, since the backscatter signal of aerosols is lower than 41 that of clouds, the sensitivity of ceilometers in retrieving the boundary layer height is much less 42 than that of lidar instruments (Pal, 2014) . In contrast to IGRA data (i.e., radiosonde based BLH), 43 the ceilometer and lidar allow measurements of the diurnal BLH cycle. However, the algorithms 44 of both lidar and ceilometer have some difficulties to assign the BLH during night and tend to 45 wrongly attribute the height of the residual layer of aerosol (often with larger signal) as the real 46 Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016 Discuss., doi:10.5194/gmd- -48, 2016 Manuscript under review for journal Geosci. Model Dev. mixed layer (e.g., Angevine et al., 1998; Eresmaa et al., 2006; Haij et al., 2006) . Lidar/ceilometer 1 nocturnal BLHs are also higher due to the fact that their overlap height can be above the 2 nocturnal shallow BLH (Pal et al., 2015) . Uncertainties in lidar retrieved BLHs were assessed 3 based on a comparison between radiosonde based BLHs and wavelet derived BLH estimates 4 from lidar and found to be about 60 m (Pal et al., 2013) . 5 6 We use the BLHs retrieved from lidar and ceilometer measurements at Trainou and Cabauw, The observed 222 Rn activity concentrations are obtained from 2 different measurement methods:
20
(1) The 'two-filter' method developed by the Australian Nuclear Science and Technology
21
Organization (ANSTO) (Whittlestone and Zahorowski, 1998 (Whittlestone and Zahorowski, 1998; Zahorowski et al., 2004 characterizing the passage of turbulent fluid flow to laminar one. In the TM5 model, the 28 expression of Vogelezang and Holtslag (1986) is used to compute R ib , as follows: turbulence production due to the surface friction, a term which also prevents an undetermined R ib 38 in case of uniform high wind speeds relevant for neutral boundary layers. b is a coefficient 39 determined to be 100 (Vogelezang and Holtslag, 1986 ) and u * is the surface friction velocity.
40
The geopotential heights h and z s are expressed in m. The potential temperature is in K and the 41 velocities are in m/s.
43
The vertical profile of R ib is linearly interpolated from the first layer of the model until R ib 44 reaches its critical value R ic . Commonly, a R ic value of 0.25 has been used (e.g., Vogelezang and We extract the TM5 BLHs using either the TM5 default expression of R ib (Section 3.2),
34
representing the effective BLH in the TM5 simulations, or based on Seidel et al. (2012) In the following we include the ceilometer and lidar derived BLH at Cabauw and Trainou, The use of the new ECMWF based convection combined with updated treatment of slopes (i.e., 
In the analyses shown in Figure 12 , the data include all meteorological conditions. In addition,
35
we performed this analysis separately for unstable, neutral, and stable vertical mixing conditions, 
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